Differential spectral interferometry (DSI), a novel method of biomedical imaging that combines the high dynamic range of optical coherence tomography (OCT) with inherently parallel low-bandwidth image acquisition of spectral interferometry (SI), is described. DSI efficiently removes the deleterious dc background inherent in SI measurements while maintaining the parallel nature of SI. We demonstrate DSI on both synthetic and biological samples. Because DSI preserves the low-bandwidth, parallel nature of SI, it is competitive with OCT for biomedical applications in terms of image quality and acquisition rate. © 2003 Optical Society of America OCIS codes: 170.3880, 170.4500, 120.3180. Optical coherence tomography 1 (OCT) and spectral interferometry 2,3 (SI) are low-coherence optical imaging methods related to each other through the Fourier transform (FT). OCT, which takes measurements in the time domain, provides good dynamic range and image resolution. It has been demonstrated that OCT can be successfully used for subsurface biomedical imaging 4 -6 at nearly video rate.
Optical coherence tomography 1 (OCT) and spectral interferometry 2, 3 (SI) are low-coherence optical imaging methods related to each other through the Fourier transform (FT). OCT, which takes measurements in the time domain, provides good dynamic range and image resolution. It has been demonstrated that OCT can be successfully used for subsurface biomedical imaging 4 -6 at nearly video rate. 4, 7 A drawback of OCT is the requirement for a high-speed optical delay line in the reference arm. SI makes measurements in the frequency domain, taking advantage of inherently parallel spectral data acquisition and an optical arrangement without moving parts or high-speed modulation. Recently, we reported on successful use of SI for three-dimensional imaging in Xenopus laevis tadpoles. 8 The main drawback of SI is the dc character of the measurements, which results in a relatively low imaging dynamic range. A strong background associated with the spectrum of the light source itself (dc term) and the interfering waves scattered from different surfaces within the sample (autocorrelation terms) are inherently present in SI images. It is the dc and autocorrelation terms that keep the dynamic range of SI far below the theoretical shot-noise limit, 3, 8 thus limiting the usefulness of SI for biomedical imaging. To eliminate these two artifacts of SI, Wojtkowski et al. 9 recently suggested a new approach that involves complex f ive-frame phase and amplitude reconstruction. The method improves the signal-to-noise ratio and doubles the depth range by using both positive and negative optical path differences for imaging; however, it requires exceptional stability of the object -l͞10 within the complex-method data measurement time scale, which is 6 -120 s. 9 In this Letter we describe a novel method, differential spectral interferometry (DSI), that combines the advantages of both OCT and SI. Our new method is a straightforward modif ication of SI that requires only a small l͞2 dither (p phase shift) of the interferometer's reference path. Although DSI does not distinguish between the positive and negative optical path differences, it eliminates the dc and autocorrelation terms. It is much simpler than the f ive-frame complex reconstruction method 9 and is not sensitive to the sample instability. A differential spectral interferogram is obtained by subtraction of two spectra that differ only by a p phase shift in the reference arm. A FT of the differential spectral interferogram produces an image that is free of the background inherent in SI, with the signal of interest increased by a factor of 2 (compared with SI). As with SI, the spectral data are collected in a parallel way; however, the data acquisition can be performed in an ac mode, which is compatible with lock-in detection, allowing lowbandwidth measurements. Lock-in detection results in a substantial improvement of the imaging dynamic range, making DSI's dynamic range comparable to OCT, while maintaining the simplicity of SI.
Consider two plane electromagnetic waves interfering at the output of the interferometer. The resulting spectrum is
where v is the frequency, S͑v͒ is the spectrum at the output of the interferometer, E 1 ͑v͒ and E 2 ͑v͒ are the magnitudes of the electric f ields in each arm of the interferometer, f 1 ͑v͒ and f 2 ͑v͒ are the phases of the two waves, and t is the optical delay between the two arms of the interferometer. The first two terms are the dc spectral terms from the light source. The third term contains the desired information. If we add a small time delay, Dt, and subtract that spectrum from the spectrum in Eq. (1), we get the following difference spectrum, S dif ͑v͒:
By applying familiar trigonometric identities, we can simplify Eq. (2) to the following form:
If Dt is set such that vDt ഠ p (Dt is reasonably assumed to be much smaller than the inverse of the light source bandwidth), then Eq. (3) reduces to
Following from the above description, when a p phase shift modulation is introduced into the reference arm, the dc and autocorrelation terms are canceled and there is a twofold increase of the useful signal amplitude.
A schematic diagram of the experimental apparatus that we used to obtain images of test targets and biological samples is shown in Fig. 1 
3 nm͒ is used as the light source. The interferogram is spectrally resolved with a 0.25-m imaging spectrograph and detected with a 16-bit CCD camera. Dithering the mirror in the reference arm of the interferometer with a piezotranslator at f 70 Hz introduces a p phase shift into the reference beam. To get a single depth prof ile, we acquired the spectra at the two extreme positions of the dithered mirror, and a FT is performed on the difference spectrum. Although this detection system does not completely eliminate the dynamic range problem inherent in CCDs, it provides a test of the idea of DSI itself. To test DSI fully, we also performed lock-in detection experiments (see below).
In Fig. 2 we compare the one-dimensional SI scans (obtained with the phase shifts of 0 and p) with the DSI scan acquired for a test sample constructed from microscope glass coverslides. It can be seen from Fig. 2 that DSI with differential detection provides very efficient suppression of the background features, including the dc and autocorrelation terms in the vicinity of the position of the reference plane (zero depth). As expected, the intensities of the DSI signal peaks increase to approximately twice their original value in the SI scans.
The axial resolution is 11 mm with the laser and 24 mm with the superluminescent diode light source; the lateral resolution is 10 mm. As in SI, 8 the axial resolution is limited by the bandwidth of the light source, 10 whereas the lateral resolution is determined by the focusing conditions ( f 2.52 cm, in these experiments). The free-space depth range is limited by the spectral resolution of the spectrograph 3 and is ϳ0.3 cm for the present instrument. The dynamic range, which we measured by inserting different neutral-density filters into the sample arm of the interferometer, 3 was found to be ϳ75 dB. Unlike SI, DSI removes the background features, allowing the image signal-to-noise ratio, which is determined by the random noise of the baseline, to be improved by averaging of multiple images. We found that by averaging 100 differential spectra we could obtain a dynamic range of 94 dB. We anticipate further gains in dynamic range by optimizing our detection system. Figure 3 illustrates the improvement in the quality of a DSI image (500 3 256 pixels) of a region of the head of a Xenopus laevis (African clawed frog) tadpole by averaging over 100 Fourier-transformed differential spectra for each scan. With the averaging, the effective imaging rate was 5.6 ms͞pixel.
To demonstrate the advantages of using lock-in detection, we performed experiments with a scanning monochromator and single-channel lock-in detection with a dithering frequency of 1.4 kHz. A significant enhancement in the dynamic range up to 105 dB was observed. With the use of a photodiode array detector with true lock-in detection for each individual photodiode, improvement of the image acquisition rate to ഠ10 Hz for video-rate imaging is possible. For example, to achieve a 10-Hz rate for a two-dimensional image consisting of 100 one-dimensional depth profiles, the acquisition rate should be 1 one-dimensional scan per 1 ms. There are no fundamental limitations in achieving that rate. At present, with one-channel lock-in detection we obtain high-quality differential spectra with a dithering frequency of 5 kHz and a time constant of the lock-in amplifier of 300 ms. Note that for an imaging rate of 1 one-dimensional scan per 1 ms the noise equivalent bandwidth will be ഠ1 MHz for OCT and ഠ1 kHz for DSI using parallel lock-in detection. This means that, theoretically, with the same power of the light source, quantum eff iciency, and dynamic range of the detectors, multichannel DSI can provide a signal-to-noise ratio of approximately a factor of 30 higher than that of OCT.
In summary, we have demonstrated a simple and powerful new modif ication to SI that provides effective background suppression and greatly improves the obtainable dynamic range. We expect that for biomedical applications the multichannel version of DSI will be competitive with OCT in image quality and acquisition rate, while being more robust and mechanically simpler.
